Abstract. Native mass spectrometry (native-MS) of membrane proteins typically requires a detergent screening protocol, protein solubilization in the preferred detergent, followed by protein liberation from the micelle by collisional activation. Here, submicrometer nano-ESI emitter tips are used for native-MS of membrane proteins solubilized in both nonionic and ionic detergent solutions. With the submicrometer nano-ESI emitter tips, resolved charge-state distributions of membrane protein ions are obtained from a 150 mM NaCl, 25 mM Tris-HCl with 1.1% octyl glucoside solution. The relative abundances of NaCl and detergent cluster ions at high m /z are significantly reduced with the submicrometer emitters compared with larger nano-ESI emitters that are commonly used. This technique is beneficial for significantly decreasing the abundances (by two to three orders of magnitude compared with the larger tip size: 1.6 μm) of detergent cluster ions formed from aqueous ammonium acetate solutions containing detergents that can overlap with the membrane protein ion signal. Resolved charge-state distributions of membrane protein ions from aqueous ammonium acetate solutions containing ionic detergents were obtained with the submicrometer nano-ESI emitters; this is the first report of native-MS of membrane proteins solubilized by ionic detergents.
Introduction
M embrane proteins currently make up approximately 50% of therapeutic targets [1, 2] , making their structural characterization a high priority. Native mass spectrometry (native-MS) has emerged as a powerful tool to characterize these difficult to analyze proteins [3] [4] [5] [6] [7] [8] . As a result of their hydrophobicity, they are typically solubilized by encapsulation in either nonionic or zwitterionic detergent micelles for analysis by native MS [4, 9] . However, these detergents can broaden the mass spectral peaks and can reduce the signal-to-noise ratios (S/N) of the membrane protein ions [4] . Upon collisional activation of protein-micelle complexes, which subsequently liberates the membrane proteins from the micelles, detergent-related ions are frequently present in high abundance which can greatly suppress protein signal and increase spectral complexity [10] . During native-MS, it is essential to strike a balance between membrane protein ejection and dissociation of any membrane protein complexes, such as protein-protein or protein-ligand complexes, because preservation of these interactions while simultaneously disrupting the protein interactions with the detergent micelle can be difficult. Therefore, complete removal of detergent micelle signal from the spectrum may not be achieved.
Another challenge of native-MS is salt adduction. Nonvolatile salts can adduct to protein and protein complexes, broadening mass spectral peaks and decreasing mass measuring accuracy. To circumvent the adverse effects of nonvolatile salts in electrospray ionization (ESI) solutions, protein solutions are typically exchanged into volatile ammonium salt solutions such as ammonium acetate or ammonium bicarbonate [11] . Specific salts in solution are often necessary to maintain the structures and functions of proteins, and buffer solutions containing~150 mM KCl or NaCl are often used to mimic the cellular environment. Several methods for desalting protein ions, including adding reagents to ESI solutions [11] [12] [13] [14] [15] or reacting the protein ions with organic vapors [16] , can be used but are only effective for solutions containing up to about 25 mM NaCl. Nano-ESI tip diameters are typically >1 μm, but emitter tips less than 1 μm in diameter can decrease salt adduction to protein and protein complex ions [17] [18] [19] [20] . Recently, native-MS spectra with resolved charge-state distributions of proteins and protein complexes were obtained from solutions containing ≥150 mM NaCl or KCl and a variety of commonly used buffers, such as Tris-HCl and HEPES with submicron tips [18, 19] . This effect was attributed to the formation of small nanodrops that limit the number of nonvolatile ions that can interact with the protein or protein complex and limit the size of clusters that can be formed [19, 20] .
Here, the effectiveness of submicrometer nano-ESI emitter tips for desalting membrane protein ions from aqueous solutions containing detergents was investigated. Membrane protein ions, bacteriorhodopsin T47A (bR) and Aquaporin Z (AqpZ), were formed from aqueous ammonium acetate and a commonly used buffer that mimics the cellular environment (150 mM NaCl, 25 mM Tris-HCl) containing two times the critical micelle concentration (CMC) of nonionic and ionic detergents with both conventionally sized and submicrometer nano-ESI tips.
Experimental
Mass spectral data were acquired using a Synapt G2Si mass spectrometer (Waters, Milford, MA, USA) in the QB3/ Chemistry Mass Spectrometry Facility at the University of California, Berkeley. Borosilicate capillary emitters (1.0 mm o.d./ 0.78 mm i.d.) were pulled with a micropipette puller (Flaming/ Brown model P-87; Sutter Instruments, Novato, CA, USA). Emitter tip diameters were measured with a scanning electron microscope (Hitachi TM-1000 SEM; Schaumburg, IL, USA) at the Robert D. Ogg Electron Microscope Laboratory (University of California, Berkeley). Tip i.d. were either 1.6 ± 0.1 μm or 0.57 ± 0.04 μm and replicate measurements were made with at least three different tips of each size (Supplemental Figure 1) [20] .
Nano-electrospray was initiated by applying a potential of about +0.6 to 1.2 kV to a 0.127 mm diameter platinum wire inserted into the emitter and in contact with the solution. The sampling cone and source offset voltages were both 50 V, and the source temperature was 80°C. A flow rate of argon collision gas of 6.0 mL/min was used in the trap. Ion activation was at a collision voltage of 100-150 V in the trap to facilitate the release of ions from the micelles.
The concentrations of bR and AqpZ were~2 μM and~30 μM, respectively. The bR stock solution containing octyl glucoside (OG) was diluted 100-fold with the buffer and detergent of interest. The AqpZ stock solution (150 mM NaCl, 20 mM Tris-HCl, 5% glycerol, 1.1% OG) was diluted 5-fold. Two times the CMC of OG, sodium dodecyl sulfate (SDS), cetrimonium bromide (CTAB), or sarkosyl is 1.1, 0.55, 0.073, 0.85% (w/v), respectively.
Results and Discussion
To determine the effects of nano-ESI emitter tip size on salt and detergent adduction to membrane protein ions, bR and AqpZ ions were formed from aqueous 200 mM ammonium acetate with 1.1% OG with two sizes of nano-ESI emitter tips (1.6 μm and 0.5 μm i.d., Figure 1a -d). Well-resolved charge-state distributions of bR and AqpZ ions are obtained from aqueous ammonium acetate and OG solutions with both size emitters ( Figure 1 ). The charge-state distribution of bR ions formed with the submicrometer tips is slightly higher than from the larger tips consistent with previous results [21] . The chargestate distributions of AqpZ monomer and tetramer ions are similar with both tip sizes. Salt cluster ions are formed with both tip sizes, but the abundances of these clusters are lower by up to four orders of magnitude with the 0.5 μm emitter tips compared with the protein ion signal (Supplemental Figure 2a-c) . For example, the abundance of the most intense cluster, (2OG + Na) + (m/z 607), is one to three orders of magnitude lower with the submicrometer emitter tips than with the larger tips (Supplemental Figure 2a) . Large cluster ions from m/z 1500 to > 4000 that overlap the charge-state distributions of bR and AqpZ ions are nearly eliminated with the 0.5 μm tips, resulting in higher signal-to-noise ratios (S/N) for the protein ions with the small tips. For example, the S/N of the 10+ charge state of AqpZ monomer ions is seven times higher with the small tips. This demonstrates that submicrometer emitter tips are useful for decreasing the abundances of detergent cluster ions that can interfere with membrane protein ion signal. Several different peaks for each charge state of the AqpZ tetramer that are not resolved with the larger tips are resolved with the small tips. These differ in mass by~760-1800 Da and may be due to adduction of sodiated OG dimers or due to the presence of phospholipids.
To determine if the submicrometer emitter tips are effective at forming ions of membrane proteins from a commonly used buffer that mimics the cellular environment, bR and AqpZ ions were formed from 150 mM NaCl, 25 mM Tris-HCl and 1.1% OG with both emitter tip sizes (Figure 1c, d, g, and h ). The bR ions formed from this solution with the 1.6 μm tips are not resolved, but rather a broad distribution of NaCl and OG cluster ions from m/z~2000 to 7000 is produced. A few broad peaks at m/z 3060 and 3410 may correspond to the 9+ and 8+ charge states of bR, which would result in a molecular weight (MW) of 27.5 kDa, which is 3% greater than the un-adducted molecular weight of bR (MW = 26.7 kDa, calculated from elemental composition). AqpZ monomer and tetramer ions formed with the 1.6 μm tips from this solution are resolved (likely because the concentration of AqpZ is six times greater than that of bR) but high m/z cluster ions interfere with the protein ion signal. In contrast, AqpZ and bR ions formed with the submicrometer emitter tips from the same solution are clearly resolved with little background chemical noise. As previously demonstrated, high m/z cluster ions are nearly eliminated [19, 20] . The masses of bR and AqpZ ions formed from 150 mM NaCl, 25 mM TrisHCl, and 1.1% OG with the submicrometer tips are 588 and 880 Da higher in mass than the calculated values, respectively, indicating that substantial adduction of salts and possibly detergent still occurs (Supplemental Table S-1) . This adduction results in broad peaks that spread the tetramer signal in m/z and this contributes to the apparent high abundance of the monomer, which is significantly less adducted. Notably, there is no significant difference in the ratio of tetramer to monomer with the two tip sizes, indicating that the small tips do not affect the stability of the tetramer. These results show that submicrometer emitter tips can be beneficial for native-MS of membrane protein complexes from solutions containing high ionic strengths of nonvolatile salts in addition to nonionic detergents, which would be advantageous for membrane proteins that are only stable in specific buffers containing nonvolatile salts.
Ionic detergents are often added to membrane protein solutions because they are typically more effective at solubilizing membrane proteins than nonionic detergents [22] . To determine if submicrometer nano-ESI tips are effective for native-MS from aqueous solutions containing ionic detergents, bR and AqpZ ions were formed with both size emitter tips from 200 mM ammonium acetate containing two times the CMC of SDS, a common ionic detergent (Figure 2) . With the 1.6 μm emitter tips, no bR ions are observed (Figure 2a) . AqpZ monomer ions are resolved with the 1.6 μm tips, but there is a very broad peak of cluster ions from m/z~2000-5000 (Figure 2c ). In contrast, charge-state distributions of the monomers of both proteins are clearly resolved with the 0.5 μm tips (Figure 2b, d) . The charge states of the tetramer are not resolved, but the maxima in the distribution likely correspond to the 15+ and 14+ charge states. With the maximum possible collision energy, narrower peaks corresponding to 16+ to 18+ appear, consistent with removal of negatively charged SDS adducted to the Figure 2b) . Resolved chargestate distributions of bR ions formed from 200 mM ammonium acetate containing two times the CMC of two other ionic detergents, sarkosyl and CTAB, were obtained with submicrometer emitter tips (Supplemental Figure 3) . Resolved charge-state distributions of AqpZ ions formed from 150 mM NaCl, 25 mM Tris-HCl, 0.55% (w/v) SDS were obtained with the submicrometer emitters, but not for bR ions (Supplemental Figure 4) . This is the first report of native-MS of membrane protein from aqueous solutions containing ionic detergents. The use of submicrometer nano-ESI tips for native-MS of membrane proteins could be useful for membrane proteins that require ionic detergents for solubilization.
Conclusions
Submicrometer nano-ESI emitter tips are useful for decreasing the abundances of cluster ions of both ionic and nonionic detergents for membrane protein ions formed from aqueous solutions containing two times the CMC of the detergent. The submicrometer emitter tips also are useful for obtaining resolved charge-state distributions of membrane protein ions from solutions containing high ionic strengths of nonvolatile salts (150 mM) with these detergents. This technique reduces the chemical noise over conventional nanoESI and makes possible native-MS of membrane proteins from solutions that are more conventionally used by biochemists to investigate the structures, dynamics, and functions of these types of proteins. Importantly, this method may afford the reduction in performing multiple detergent screens, which are currently used to find optimal conditions for native-MS analysis [4] .
